1. Introduction {#sec1}
===============

Cassava is a cash crop and generates income for smallholder farmers in many countries of tropical and subtropical Africa, Asia, and Latin America. In Africa, its annual per capita consumption is around 80 kg per person ([@bib19]). In sub-Saharan Africa (SSA), cassava is mainly a subsistence crop for small-scale farmers. In Rwanda, the preferred cassava traits are a sweet taste, a high yield, good quality ugali (viscosity and colour), resistance to pests and diseases, early bulking, multipurpose, good colour of flesh and flour, delayed post-harvest physiological deterioration (PPD), high dry matter content, good odour/smell, long storage ability in the field, many cuttings produced and good cooking ability ([@bib25], [@bib26]).

The viral diseases and postharvest losses are the most serious challenges for cassava production in developing countries. Cassava brown streak disease (CBSD) and cassava mosaic disease (CMD) affect the cassava yield and storage root quality in most parts of East Africa ([@bib12]; [@bib34]). In addition, PPD causes significant postharvest losses, as the storage root perish rapidly ([@bib21]). Cassava breeding is the most sustainable strategy to generate new high yielding recombinants that are resistant to diseases, with delayed physiological deterioration. During the breeding process, information generated on the combining ability and heterosis assists in the development of new improved recombinants ([@bib23]; [@bib45]). At present, there is limited genetic information on the combining ability and heterosis for yield, postharvest and quality, disease traits, and other important cassava traits in Rwanda.

To generate new recombinants, the half-diallel mating design is commonly used by cassava breeders ([@bib27]; [@bib36]). The diallel analysis provides information on the general combing ability (GCA), the specific combining ability (SCA) and heterosis ([@bib16]). The combining ability indicates the capacity to transmit characteristics from parents to offspring ([@bib39]). A knowledge of the combining ability helps to determine gene action and to identify the best genotypes (parents) for hybridization, as well as the identification or selection of the best combinations (crosses) for population improvement. This information is very important for designing suitable breeding strategies for cassava improvement. Therefore, this study aimed at determining the gene action of F~1~ cassava progenies for cassava β-carotene, delayed postharvest physiological deterioration, and other farmers preferred traits.

2. Materials and methods {#sec2}
========================

2.1. Description of experimental locations {#sec2.1}
------------------------------------------

The experiment was conducted in Rwanda at two locations, namely, the Karama and Muhanga research centres. Karama is located at 2^o^16′ 0.927″S, 30^o^15′ 20.693″E, with an altitude of 1332 m above sea level m (asl), while Muhanga is located at 2^o^04′9.842″S, 29^o^43′ 9.842″E, with an altitude of 1879 masl. The two locations experience bimodal rainfall with different amounts of rain and temperatures. The Muhanga location is cooler and receives a higher amount of rain (1320 mm per year) than the Karama location (895 mm per year).

2.2. Parent selection, hybridization, experimental design and management {#sec2.2}
------------------------------------------------------------------------

Six genotypes ([Table 1](#tbl1){ref-type="table"}) were selected from research institutes, farmer\'s cooperatives and private farms. The selection of genotypes was done in a participatory manner through consultative discussion between local scientists and farmers. The main traits for selection were high yield, cassava brown streak disease (CBSD) resistance and pulp colour. The parents were planted in crossing block paired rows at the Karama research station, located at 2^o^15′54.126″S, 30^o^15′22.4619″E, with an altitude of 1338 m asl. The 6 × 6 half-diallel was produced to generate fifteen families. Hand pollination was performed following the procedure proposed by [@bib19a]. The 450 clones were selected from the fifteen families seedling plants with an equal number (30) of clones per family. The clonal trial planted in October 2015 in randomised complete block design (RCBD) with three replications. The population density was 10000 plants ha^−1^ (1 × 1 m spacing). The weeding was conducted regularly and ridging was performed once, three months after planting, while no fertilizers, pesticides and water irrigation were applied.Table 1Descriptions of parental germplasm.Table 1Code of genotypesName of genotypesTypeYieldCMDCBSDPulp colourG1MavokaImprovedHighResistantSusceptibleYellowG2GarukansubireImprovedHighResistantSusceptibleYellowG3GaheneLandraceHighSusceptibleSusceptibleWhiteG4MushedileLandraceHighSusceptibleTolerantWhiteG5NdamirabanaImprovedHighResistantSusceptibleWhiteG6GitamisiLandraceHighSusceptibleTolerantWhite[^1]

2.3. Data collection {#sec2.3}
--------------------

At 3 and 6 months after planting (MAP), and at harvest the data were collected on each individual plant for cassava mosaic disease (CMD), cassava brown streak disease (CBSD) severity, and cassava brown streak disease root necrosis (CBSD-RN), scored on a scale of 1--5, where: 1 = no symptoms; and 5 = very severe symptoms ([@bib18]). The fresh root storage yield (FSRY) (t ha^−1^) was estimated from storage root mass per plant. To estimate FRSY, the storage root mass (SRM) was used following the formula:$$FRSY\ \left( {kg\ ha^{- 1}} \right) = SRM\ \left( {kg\ plant^{- 1}} \right) \times \ \frac{10000\ }{1000}$$

The harvest index (HI) was determined by expressing fresh storage root mass (kg plant^−1^) as proportion of total biomass (kg plant^−1^) ([@bib14]). The DMC was determined by using the specific gravity method ([@bib9]; [@bib14]; [@bib20]), as per the following formula:$$\ \text{DMC}\ \left( \% \right) = \left( {\frac{WA}{WA - WW} \times 158.3} \right) - 142$$Where $\text{WA}$ and $\text{WW}$ are weight measured in air and water, respectively.

The β-carotene (β-C) was estimated using the colour chart that was used in estimating β-C in sweet potatoes, as described by [@bib5]. The PPD was determined using the method developed by CIAT ([@bib24]; [@bib46]). The proximal and distal ends of cassava storage roots were removed immediately after harvesting. Proximal ends were exposed to the air and distal ends of the storage root were covered, using food plastic wrappers. The room temperature ranged from 22-28 °C and the relative humidity was between 70-80%. The assessment was conducted seven days after harvest, using the score 1--10 to represent the discoloration, where score 1 = 10%, 2 = 20%, 10 = 100% ([@bib9]; [@bib42]). The two storage roots per genotype were cut into ten transversal slices, each 2 cm thick, and the mean score was performed on 20 slices from the two selected storage roots.

2.4. Data analysis {#sec2.4}
------------------

Data collected from individual plant which constitute a family, were averaged for statistical analysis using SAS studio (University edition). The GCA and SCA effects were estimated according to [@bib17] Model 1, Method 4 using the DIALLEL-SAS05 program developed by [@bib44]. The significance was expressed at p \< 0.05, 0.01 and 0.001. The GCA and SCA effects for each trait were determined from the percentage of families\' sum of squares (SS) due to GCA and SCA ([@bib37]). The relative importance of the GCA and SCA effects for each trait was determined from the percentage of the families\' sum of squares (SS) ([@bib36]; [@bib41]). The mid-parent (MP) and best parent (BP) heterosis was analysed, using the formula $\text{MPH}\left( \% \right) = \frac{\text{(}\ \text{F}1 - \text{MP)}}{\text{MP}} \times \ 100$, and $\text{BPH}\ \left( \text{\%} \right)\  = \ \frac{\text{(}\ \text{F}1 - \text{BP)}}{\text{BP}} \times \ 100$. The selection of the best clones for advancement was done by using the selection index (SI) proposed by [@bib6], with some modifications. $\text{SI} = \left( {\text{FRSY*}5} \right) + \left( {\text{β} - \text{Carotene*}4} \right) - \left( {\text{PPD*}3} \right) - \left( {\text{CBSD} - \text{RN*}2} \right)$, and the variables were standardized, using the following formula:$\ \text{Xi} = \left( {\text{Xi} - \text{μ}} \right)/\ \text{St}.\text{Dev}$.

3. Results {#sec3}
==========

3.1. Descriptive statistics of ten selected traits of F~1~ cassava clones {#sec3.1}
-------------------------------------------------------------------------

The selected cassava traits evaluated in this study, showed a considerable variation among the F~1~ clones of fifteen families generated through 6 × 6 half-diallel mating design. The FSRY, β-C and TBM were highly skewed, while the CMD-S and HI were moderately skewed, explaining the genetic diversity among the generated F~1~ clones. The FSRY ranged from 2.0 to 44.2 t ha^−1^, with an average of 8.7 t ha^−1^, while DMC ranged from 26.1 to 42.1%, with an average of 34.0%. The β-C ranged from 0.001 to 1.88 mg 100g^−1^, with an average of 0.34 mg 100g^−1^, while the PPD evaluated showed a deterioration of 10--60.5% after one week ([Table 2](#tbl2){ref-type="table"}).Table 2Summary statistics of 10 traits measured in clonal F~1~ of 15 cassava families evaluated at two sites.Table 2TraitsMeanSESDKurtosisSkewnessMinimumMaximumCMD-S1.490.050.441.210.981.003.10CBSD-L2.010.030.31-0.30-0.271.202.67CBSD-S2.180.050.460.04-0.251.003.29CBSD-RN2.140.090.87-1.510.141.003.50FSRY8.700.676.3210.172.471.9844.20TB2.660.111.021.151.091.076.45HI0.300.010.101.990.780.100.69DMC33.970.353.36-0.09-0.4926.1042.10β-C0.320.050.452.831.790.0011.88PPD33.851.5114.37-0.910.2610.0060.55[^2]

3.2. Diallel analysis for β-carotene, delayed postharvest physiological deterioration and farmers' preferred traits of cassava {#sec3.2}
------------------------------------------------------------------------------------------------------------------------------

The environment (E) significantly (*p* \< 0.001) influenced the expression of all traits, except CMD, DMC and PPD. The families exhibited significant differences for CBSD-S, FSRY and HI at p \< 0.05 and at p \< 0.001 for the remaining traits. The effects due to families were further partitioned into two components, namely, the effects of GCA and SCA. The GCA was significant at p \< 0.05 for CMD, DMC, and significant at p \< 0.001 for β-C and PPD. The SCA was significant for β-C and PPD at p \< 0.001, CMD and DMC at p \< 0.01, and TB and CBSD-L at p \< 0.05.

The relative importance of additive and non-additive gene actions for the expression of the studied traits were partitioned into GCA and SCA effects, expressed as a percentage of the sum of squares. The variability of the trait expression among families indicated that the pulp traits (CBSD-RN, β-C and PPD) were highly influenced (over 50% of variability) by the GCA effects, while CMD, CBSD-L, CBSD-S, TB, FSRY, HI and DMC, leaves and yield traits were considerably influenced (over 50% of variability) by the SCA effects ([Table 3](#tbl3){ref-type="table"}).Table 3Combined analysis of variance for important traits of 15 families of cassava clones generated from 6 × 6 half-diallel.Table 3Source of variationMean squaresDFCMDCBSD-LCBSD-SCBSDNTBEnvironments (E)10.061.20\*\*\*5.34\*\*\*56.64\*\*\*25.26\*\*\*Families140.42\*\*\*0.16\*\*\*0.19\*0.21\*\*\*1.73\*\*\*E x Families140.36\*\*\*0.18\*\*\*0.34\*\*\*0.36\*\*\*1.77\*\*\*GCA50.37\*0.090.240.320.68SCA90.44\*\*0.18\*0.160.142.31\*Error740.100.040.090.050.32CV (%)22.0310.0113.8910.0621.3% SS due to GCA31.622.646.355.814.1% SS due to SCA68.477.453.744.185.9Source of variationMean squaresDFFSRYHIDMCβ-CPPDEnvironments (E)1705.31\*\*\*0.21\*\*\*0.640.35\*\*\*57.36Families1451.27\*0.01\*26.08\*\*\*1.00\*\*\*912.69\*\*\*E. Families1458.28\*\*0.0015.45\*0.13\*\*\*35.50GCA534.160.0123.13\*2.31\*\*\*1564.96\*\*\*SCA960.780.0027.71\*\*0.27\*\*\*550.32\*\*\*Error7421.240.007.380.0284.46CV (%)52.924.127.9946.7227.15% SS due to GCA23.842.131.789.561.2% SS due to SCA76.257.968.310.538.5[^3]

3.3. General combining ability for β-carotene, delayed postharvest physiological deterioration and other farmers' preferred traits of cassava {#sec3.3}
---------------------------------------------------------------------------------------------------------------------------------------------

The GCA effects of the parents were determined for the measured traits. Mavoka had a significant (p \< 0.001) positive GCA for β-C, an undesirable significant (p \< 0.01) negative GCA for DMC, and desirable significant (p \< 0.001) negative GCA for PPD. Garukunsubire also showed significant (p \< 0.001) positive GCA for β-C and significant (p \< 0.001) negative GCA for PPD. The GCA for Mavoka and Garukunsubire indicates the ability of both parents to improve the level of β-C and delayed PPD. Gahene, Ndamirabana and Gitamisi showed significant (p \< 0.001) negative GCA for β-C and positive GCA for PPD, while Mushedile had significant negative GCA for β-C ([Table 4](#tbl4){ref-type="table"}). In addition, Mavoka had the highest mean for β-C, followed by Garukunsubire.Table 4Means and general combining ability effects for important traits of six parents of cassava clones of 6 × 6 half-diallel families.Table 4ParentsCMDCBSD-LCBSD-SCBSD-RNFSRY (t ha^−1^)$\overline{\text{X}}$GCA$\overline{\text{X}}$GCA$\overline{\text{X}}$GCA$\overline{\text{X}}$GCA$\overline{\text{X}}$GCAMavoka1-0.1040.0530.0630.1617.31.41Garukunsubire10.024.50.004-0.074.5-0.1612.60.72Gahene4.50.024-0.0240.004-0.082.4-0.85Mushedile3.50.22\*\*2.5-0.10\*1-0.141-0.0026.3-1.81Ndamirabana1.5-0.0520.0130.0020.0819.3-0.20Gitamisi3-0.1130.0720.1430.009.130.73Means2.43.32.82.914.5SE0.30.20.20.31.9ParentsTBHIDMC (%)βC (mg 100g-1)PPD (%)$\overline{\text{X}}$GCA$\overline{\text{X}}$GCA$\overline{\text{X}}$GCA$\overline{\text{X}}$GCA$\overline{\text{X}}$GCAMavoka5.50.150.310.0026.0-1.72\*\*1.3212.27\*\*\*10.-11.72\*\*\*Garukunsubire5.50.150.230.0129.40.230.036.59\*\*\*55.-7.30\*\*\*Gahene0.9-0.240.270.0033.10.680-7.01\*\*\*50.5.24\*\*Mushedile5.6-0.150.47-0.04\*32.51.12\*0-4.01\*\*\*55.9.98\*\*\*Ndamirabana5.2-0.000.37-0.0031.3-0.250-4.01\*\*\*40.1.27Gitamisi4.50.090.20.0133.5-0.060-3.82\*\*\*50.2.52Means**4.5*0.31**30.9**0.25**43.3***SE**0.4*0.02**0.6**0.12**3.8***[^4]

3.4. Specific combining ability for β-Carotene, delayed postharvest physiological deterioration and farmers' preferred traits of cassava {#sec3.4}
----------------------------------------------------------------------------------------------------------------------------------------

The SCA effects of F1 families were estimated for specific traits. The family Garukunsubire x Gahene had desirable significant (p \< 0.05) negative SCA for CMD, and no CMD symptoms. The families Mavoka x Mushedile and Gahene x Ndamirabana recorded the least CBSD-L (1.7) with significant (p \< 0.05) negative SCA. The family Garukunsubire x Gahene had positive SCA for FSRY, and the highest average FSRY (13.7 t ha^−1^), while the family Mavoka x Mushedile had the lowest average FSRY (3.9 t ha^−1^), with significant (p \< 0.05) negative SCA (-4.40). The family Garukunsubire x Gahene had the highest average of TB (3.63kgper plant) and significant (p \< 0.05) positive SCA, while the family Garukunsubire x Ndamirabana showed the highest HI (0.34), with significant positive SCA. The family Mavoka x Garukunsubire had the highest average of DMC (35.9%), with highly significant (p \< 0.001) positive SCA, while the family Mavoka x Ndamirabana recorded the lowest average of DMC (28.4%), with significant (p \< 0.001) negative SCA (-3.62). The family of Mavoka x Garukunsubire had significant (p \< 0.001) positive SCA for β-Carotene, and the highest average β-C. The family Mavoka x Ndamirabanahad the least PPD (13.3%) recorded after one week of storage ([Table 5](#tbl5){ref-type="table"}).Table 5Means and specific combining ability effects of 15 families of cassava clones for important traits generated from 6 × 6 half-diallel cross.Table 5FamiliesCMD-SCBSD-LCBSD-SCBSD-RNFSRY (t ha^−1^)$\overline{\text{X}}$SCA$\overline{\text{X}}$SCA$\overline{\text{X}}$SCA$\overline{\text{X}}$SCA$\overline{\text{X}}$SCAG1xG21.39-0.011.98-0.072.1602.180.057.28-3.55G1xG31.460.052.180.142.14-0.12.30.0813.133.87G1xG41.840.24\*1.73-0.22\*2.120.022.13-0.163.9-4.40\*G1xG61.31-0.022.080.012.280.022.40.0211.191.27G1xG71-0.26\*2.270.132.440.052.3013.662.8G2xG31.26-0.27\*2.120.132.270.162.010.126.36-2.2G2xG41.940.211.79-0.11.86-0.091.980.0211.74.08\*G2xG61.44-0.022-0.012.130.011.82-0.2310.361.14G2xG71.50.12.150.062.16-0.0820.0310.680.52G3xG41.56-0.161.960.082.180.142.02-0.025.94-0.09G3xG61.870.41\*\*1.77-0.22\*1.9-0.29\*1.99-0.148.160.52G3xG71.36-0.021.9-0.152.410.082.02-0.036.48-2.09G4xG61.220.42\*\*\*2.17-0.26\*\*2.16-0.112.47-0.256.030.65G4xG71.720.131.94-0.021.98-0.192.05-0.088.671.05G6xG71.360.052.06-0.032.460.132.310.086.93-2.29*Means1.482.012.182.138.70.09SE0.0460.0320.0480.0920.666P Value*\<*.001*\<*.001*\<*.001*\<*.001*\<*.001*FamiliesTB (kg plant^−1^)HIDMC (%)β-C (mg 100g^−1^)PPD (%)$\overline{\text{X}}$SCA$\overline{\text{X}}$SCA$\overline{\text{X}}$SCA$\overline{\text{X}}$SCA$\overline{\text{X}}$SCAG1xG22.39-0.570.29-0.0335.93.42\*\*\*1.475.49\*\*\*32.517.68\*\*\*G1xG33.20.63\*0.340.0233.280.350.26-3.97\*\*\*24-3.36G1xG41.62-1.02\*0.23-0.0234.651.280.63-0.3635.833.72G1xG63.040.230.330.0228.36-3.62\*\*\*0.46-2.94\*\*13.33-10.06\*\*\*G1xG73.630.72\*0.33030.75-1.420.791.7816.66-7.98\*\*G2xG32.25-0.310.27-0.0434.04-0.840.20-1.4824.16-7.61\*\*G2xG43.290.63\*0.340.06\*33.26-2.06\*0.32-1.5434.16-2.35G2xG62.910.10.330.0133.36-0.580.501.0225-2.81G2xG73.050.140.32-0.0134.210.070.19-3.49\*\*\*24.16-4.9G3xG42.410.160.23-0.0135.870.090.001.85500.92G3xG62.450.040.320.0235.51.10.001.8550.179.81\*\*\*G3xG71.98-0.520.32033.86-0.710.001.7441.850.23G4xG62.57-0.080.210.0435.7-0.860.00-0.0839.165.94\*G4xG72.730.140.290.0234.85-0.170.00-0.03503.64G6xG72.26-0.470.29-0.0235.882.24\*0.00-0.0146.669.01\*\**Means2.650.2933.960.3233.840.79SE0.1080.010.350.0491.514P Value*\<*.001*\<*.001*\<*.001*\<*.001*\<*.001*[^5]

3.5. Estimates of mid-parent heterosis for selected traits of cassava clones across two locations {#sec3.5}
-------------------------------------------------------------------------------------------------

The family Mavoka x Garukunsubire expressed the highest positive heterosis for CMD, DMC and β-C. Out of 15 families, only three families (Movaka x Mushedile, Mushedile x Ndamirabana and Mushedile x Gitamisi) had desirable positive mid-parent heterosis for CBSD-S and CBSD-RN resistance. This indicates that Mushedile could be the better parent for improving cassava resistance to CBSD. In terms of FRSY, the families Mavoka x Gahene, Garukunsubire x Gahene and Gahene x Gitamisi had the highest positive mid-parent heterosis, while the remaining families expressed a negative heterosis for FRSY ([Table 6](#tbl6){ref-type="table"}). The heterosis for β-C was highly positive for all families with parent Garukunsubire in common, indicating that it could be a good combiner to improve β-C. The mid-parent heterosis for PPD was positive for the families Garukunsubire x Gitamisi, Mavoka x Mushedile and Ndamiraba x Gitamisi, while most of the families expressed the desirable negative heterosis ([Table 6](#tbl6){ref-type="table"}).Table 6Mid-parents heterosis for important cassava traits evaluated at clonal stage across two sites.Table 6FamiliesCMDCBSD-SCBSD-RNFSRY (t ha^−1^)MeanMPHMeanMPHMeanMPHMeanMPHG1xG21.3939.332.16-382.18-41.657.28-51.12G1xG31.46-46.892.14-38.622.30-34.2213.1333.71G1xG41.84-17.832.126.292.136.623.90-82.05G1xG61.314.892.28-23.922.40-3.6111.19-38.73G1xG71.00-502.44-2.052.30-23.2713.663.56G2xG31.26-54.062.27-43.052.01-52.636.36-14.89G2xG41.94-13.361.86-25.361.98-27.6811.70-39.75G2xG61.4415.562.13-39.121.82-43.8810.36-34.9G2xG71.50-252.16-27.862.00-33.0210.68-1.54G3xG41.56-60.892.18-12.682.02-19.015.94-58.53G3xG61.87-37.391.90-45.671.99-33.458.16-24.67G3xG71.36-63.562.41-19.582.02-42.036.4812.43G4xG61.22-45.372.168.022.4765.176.03-73.52G4xG71.72-47.061.9832.492.052.688.67-50.99G6xG71.36-39.272.46-1.432.31-7.516.93-51.18G113317.3G2144.512.6G34.5442.4G43.51126.3G51.53219.3G63239.13FamiliesHIDMC (%)β-C (mg 100 g^−1^)PPD (%)MeanMPHMeanMPHMeanMPHMeanMPHG1xG20.298.1435.9029.641.47117.832.500G1xG30.3418.2233.2812.720.26-60.624.00-20G1xG40.23-38.9634.6518.540.63-4.635.8310.26G1xG60.33-1.7928.36-0.860.46-30.413.33-46.67G1xG70.3331.5330.753.460.7919.616.66-44.44G2xG30.2711.7334.048.940.201190.324.16-53.97G2xG40.34-1.9733.267.440.321964.534.16-37.88G2xG60.3311.5233.36100.503125.825.00-47.37G2xG70.3249.7634.218.790.191125.824.16-53.97G3xG40.23-34.8635.879.40.000.050.00-4.76G3xG60.323.3635.5010.380.000.050.1711.5G3xG70.3238.8533.861.780.000.041.85-16.3G4xG60.21-48.5335.7012.020.000.039.16-17.54G4xG70.29-11.9134.855.670.000.050.00-4.76G6xG70.293.4935.8810.910.000.046.663.7G10.31261.3210G20.2329.40.0355G30.2733.1050G40.4732.5055G60.3731.3040G70.233.5050[^6]

3.6. Selection of best clones {#sec3.6}
-----------------------------

Top 15 clones were selected using a selection index based on the key four traits (FRSY, CBSD-RN, β-carotene and PPD). Most of the selected clones had in common parent Mavoka probably due to its high carotenoid content inducing flesh colour ranging from white to orange ([Fig. 1](#fig1){ref-type="fig"}).Fig. 1Developed cassava clones with high carotenoids and delayed PPD. A: Flowers covered to avoid free cross pollination, B: new clone with high yield, C: Deep yellow of cassava pulp, D and E: Orange and or pink of cassava pulp, F: Orange fleshed cooked cassava.Fig. 1

[Table 7](#tbl7){ref-type="table"} shows the ranks of 15 best clones for advancement for yield trials at multi-locations.Table 7Top 15 clones selected based on the key four traits.Table 7RanksClonesPedigreeFSRYCBSD-RNβ-CPPDSI$\overline{\text{X}}$$\overline{\text{X}}$$\overline{\text{X}}$$\overline{\text{X}}$1426G1xG641.74.01.658185.6296G1xG640.53.01.658183.63670G1xG231.42.06.125161.54115G1xG344.01.00.0330160.35401G1xG530.32.01.3210131.66183G2xG645.63.00.0060100.27216G1xG623.62.01.321098.1893G1xG623.81.00.151589.610272G1xG625.51.00.152088.11178G1xG319.01.01.321079.11252G1xG317.91.01.65878.61352G1xG319.52.01.321077.61479G1xG526.84.00.033062.31579G1xG526.84.00.033062.3[^7]

4. Discussion {#sec4}
=============

This study was conducted on 450 clones of 15 families generated from 6 × 6 half-diallel mating design. The F~1~ clones exhibited considerable phenotypic variability among families and progenies for the evaluated traits, such as FSRY, β-C, DMC, TBM, CMD-S, HI, CBSD-S, CBSD-RN and PPD. Some F~1~ progenies had higher amounts of β-C and higher PPD tolerance than their parents, which could be attributed to the transgressive segregation and heterosis, which are desirable for the improvement of most cassava traits. Similar findings reported by [@bib36] and [@bib28] indicated that some cassava progenies outperformed their parents in terms of various traits, including FRSY and pulp/flesh colour (an indication of β-C content).

The environments did not exhibit a significant influence on the expression of β-C and PPD, indicating the expression of such traits are mostly genetically controlledby genetic background of the plant. [@bib38] reported a low environmental effect on PPD expression, while the low environmental effects on β-C agrees with the findings of many authors ([@bib2]; [@bib33]; [@bib35]), who indicated that the accumulation of β-C is predominately governed by genetic effect, with a low GxE interaction. The families' mean squares exhibited a significant difference for all traits, indicating significant variation among families. The environment × family interaction effects were significant for most traits, except HI and PPD, indicating that selection for these two traits cannot be performed solely at one location. The remaining traits were stable and could be selected at either location. The significant G × E interaction effects indicated that most traits hadunstable performance across two locations. These findings agree with many authors ([@bib4]; [@bib29]; [@bib30]; [@bib38]; [@bib41]), who reported significant G × E interaction effects for most agronomic and morphological cassava traits. Only two sites were used because of the small number of stakes available and thus, further studies on G × E interaction are needed.

The GCA and SCA for both β-C and PPD were highly significant, indicating the role of additive and non-additive gene action in controlling such traits. The relative importance of additive and non-additive gene effects revealed that the pulp traits (CBSD-RN, β-C and PPD) were highly influenced (over 50% of variability) by GCA effects, indicating that such traits are predominantly controlled by additive gene action. A similar finding was reported by [@bib36] and [@bib22], who indicated that CBSD-RN severity and PPD are predominantly controlled by additive gene action. The β-C was controlled by additive gene action, which is desirable as the trait that can be improved through recurrent selection. This was supported by [@bib28] who reported that the pulp colour of the cassava storage root is positively controlled by additive gene action. [@bib8] and [@bib25], [@bib26] reported that carotene can be selected through recurrent selection in the cassava breeding scheme. The GCA results indicated that the pulp traits are highly heritable and should react positively to selection. This agrees with [@bib31], who reported that the traits with a predominance of additive gene action are highly heritable and react positively to selection.

The viral diseases and yield traits (CMD, CBSD-L, CBSD-S, TB, FSRY, HI and DMC) were considerably influenced (over 50% of variability) by SCA effects, which showed a predominance of non-additive gene action in controlling these traits. Several authors ([@bib10]; [@bib22]; [@bib36]; [@bib41]) reported on the non-additive gene action for FRSY and most of the cassava traits. The non-additive gene action found for CMD disagreed with [@bib36] and [@bib31] also reported that CMD resistance is predominantly controlled by additive gene action.

The GCA for parents indicated that genotype Mavoka had a significant desirable positive GCA for β-C and FRSY, undesirable significant negative GCA for DMC, and a desirable significant negative GCA for PPD. The genotype Garukunsubire presented similar attributes, indicating the ability of the both parents to improve the level of β-Carotene and delayed PPD, when combined in a hybridization scheme. The improvement of β-C content in the cassava population, using Mavoka as progenitor, could be used to concurrently improve yield and delayed PPD, but could lead to a reduction in the dry matter content. The findings on the negative correlation between carotenoid and dry matter was reported by many authors ([@bib1]; [@bib7]; [@bib13]; [@bib25], [@bib26]; [@bib40]), which could negatively affect the farmers' adoption. The antioxidant propreties of carotenoid could delay the PPD by protecting the wounded part of the storage root against reactive oxygen, as reported by many authors ([@bib3]; [@bib11]; [@bib15]; [@bib25], [@bib26]; [@bib32]; [@bib43]; [@bib46]), and could promote the adoption of improved carotenoid cassava clones.

In terms of CMD, the clones from the families Garukunsubire x Gahene and Garukunsubire x Mushedile had the desirable high negative SCA, indicating that Garukunsubire could be a good combiner for CMD resistance. The individuals from the family Mushedile x Ndamirabaha, followed by Mavoka x Mushedile and Garukunsubire x Gitamisi, had a desirable high negative SCA (-0.26, -0.22, respectively) for CBSD-L. The family Mavoka x Garukunsubire had the highest average DMC (35.9%), and a desirable significant positive SCA, while the family Mavoka x Ndamirabana recorded the lowest average of DMC (28.3%), and an undesirable significant negative SCA (-3.62). The family Mavoka x Garukunsubirehad the highest average β-Carotene, with a desirable positive SCA, while the family Mavoka x Ndamirabana had the lowest PPD (13.3%) after one week of storage and a desirable negative SCA (-10.06).

The progenies from family Mavoka x Garukunsubire expressed the highest positive heterosis for CMD, DMC and β-C. The high positive heterosis for DMC in this family is an interesting scenario, which could be linked to transgressive segregation, because one of the parents was a bad combiner for DMC. The progenies from three families (Movaka x Mushedile, Mushedile x Ndamirabana and Mushedile x Gitamisi) had a desirable positive mid-parent heterosis for CBSD-S and CBSD-RN resistance, indicating that Mushedile could be used for improving cassava resistance to CBSD. In terms of FRSY, the families Mavoka x Gahene, Garukunsubire x Gahene and Gahene x Gitamisi had the highest positive mid-parent heterosis, indicating that Gahene could be a good combiner for FRSY. The mid-parent heterosis for PPD was positive for the families Garukunsubire x Gitamisi, Mavoka x Mushedile and Ndamiraba x Gitamisi, while most of the families expressed negative heterosis. The heterosis for FRSY, DMC, CMD, CBSD, β-C and PPD indicates the genetic diversity of the parents used.

5. Conclusion {#sec5}
=============

This study gave an insights into the feasibility of improvement of most important cassava traits, and provides the foundation for a cassava breeding program. It was noted that the transgressive segregation and heterosis for β-C and DMC are important aspect for cassava postharvest and nutritional improvement. The β-C and PPD expression were predominated by the additive gene action, while the CMD and CBSD were influenced by the non-additive gene action. The most of the clones were seriously affected by CBSD. Therefore, more investigation is needed to identify new sources of resistance to CBSD and CMD, and to develop a protocol for rapid multiplication of cuttings, to facilitate dissemination of newly-developed cassava hybrids.

5.1. Key message {#sec5.1}
----------------

The revealed transgressive segregation and heterosis for β-C and DMC is a desirable aspect for cassava postharvest and nutritional improvement. The additive gene action plays a great role for expression of β-C and PPD, while the non-additive gene action influenced the expression of CMD and CBSD.
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[^1]: CMD: cassava mosaic disease, CBSD: cassava brown streak disease.

[^2]: SE: standard Error, SD: standard deviation, CMD-S: cassava mosaic disease severity, CBSD-L: cassava brown streak disease on leaves, CBSD-S: cassava brown streak disease on stem, CBSD-RN: cassava brown streak disease root necrosis, FSRY: fresh storage root yield, TB: total biomass, HI: harvest index, DMC: dry matter content, β-C: β-Carotene, PPD: postharvest physiological deterioration.

[^3]: GCA: general combining ability, SCA: specific combining ability, CV: coefficient of variation, %SS: percentage sum of squares, CMD-S: cassava mosaic disease severity, CBSD-L: cassava brown streak disease on leaves, CBSD-S: cassava brown streak disease on stem, CBSD-RN: cassava brown streak disease root necrosis, FSRY: fresh storage root yield, TB: total biomass, HI: harvest index, DMC: dry matter content, β-C: β-Carotene, PPD: postharvest physiological deterioration.

[^4]: SE: standard error, $\overline{\text{X}}$: means**,**GCA: general combining ability, CMD-S: cassava mosaic disease severity, CBSD-L: cassava brown streak disease on leaves, CBSD-S: cassava brown streak disease on stem, CBSD-RN: cassava brown streak disease root necrosis, FSRY: fresh storage root yield, TB: total biomass, HI: harvest index, DMC: dry matter content, β-C: β-Carotene, PPD: postharvest physiological deterioration.

[^5]: SE: standard error, $\overline{\text{X}}$:means,G1: Mavoka, G2: Garukunsubire, G3: Gahene, G4: Mushedile, G6: Ndamirabana, G7: Gitamisi, SCA: specific combining ability, CMD-S: cassava mosaic disease severity, CBSD-L: cassava brown streak disease on leaves, CBSD-S: cassava brown streak disease on stem, CBSD-RN: cassava brown streak disease root necrosis, FSRY: fresh storage root yield, TB: total biomass, HI: harvest index, DMC: dry matter content, β-C: β-Carotene, PPD: postharvest physiological deterioration.

[^6]: MPH: mid-parent heterosis, G1: Mavoka, G2: Garukunsubire, G3: Gahene, G4: Mushedile, G6: Ndamirabana, G7: Gitamisi, SCA: specific combining ability, CMD-S: cassava mosaic disease severity, CBSD-S: cassava brown streak disease on stem, CBSD-RN: cassava brown streak disease root necrosis, FSRY: fresh storage root yield,HI: harvest index, DMC: dry matter content, β-C: β-Carotene, PPD: postharvest physiological deterioration.

[^7]: $\overline{\text{X}}$: means, CBSD-RN: cassava brown streak disease root necrosis, FSRY: fresh storage root yield,β-C: β-Carotene, PPD: postharvest physiological deterioration, SI: Selection index.
